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Abstract

Glucagon-like peptide-1 (GLP-1) is an intestinal-secreted incretin that increases cellular glucose
up-take to decrease blood sugar. Recent studies, however, suggest that the function of GLP-1 is
not only to decrease blood sugar, but also acts as a neurotrophic factor that plays a role in
neuronal survival, neurite outgrowth, and protects synaptic plasticity and memory formation from
effects of B-amyloid. Oxidative DNA damage occurs during normal neuron-activity and in many
neurological diseases. Our study describes how GLP-1 affected the ability of neurons to ameliorate
oxidative DNA damage. We show that activation of GLP-1 receptor (GLP-1R) protect cortical
neurons from menadione induced oxidative DNA damage via a signaling pathway involving
enhanced DNA repair. GLP-1 stimulates DNA repair by activating the cyclic AMP response
element binding protein (CREB) which, consequently, induces the expression of
apurinic/apyrimidinic endonuclease 1 (APEI), a key enzyme in the base excision DNA repair (BER)
pathway. In this study, APEl expression was down-regulated as a consequence
phosphatidylinositol-3 kinase (PI3K) suppression by the inhibitor LY294002, but not by the
suppression of MEK activity. Ischemic stroke is typically caused by overwhelming oxidative-stress
in brain cells. Administration of exentin-4, an analogue of GLP-1, efficiently enhanced DNA repair
in brain cells of ischemic stroke rats. Our study suggests that a new function of GLP-1 is to elevate
DNA repair by inducing the expression of the DNA repair protein APEI.
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Introduction

neurodegenerative diseases [3-6]. Accumulation of
DNA damage in neurons beyond repair capability
may trigger aging processes, carcinogenesis, or
neuronal death [7,8]. Enhancing DNA repair
efficiency, therefore, is a crucial factor in maintaining
DNA integrity and increasing neuronal survival

Oxidative DNA Damage and Base Excision
Repair (BER) in Neurons

Neurons are highly metabolic, non-dividing
differentiated cells that produce abundant reactive
oxygen species (ROS). On account of their high

metabolic rate, they are subjected to elevated levels of
oxidative stress and generate DNA base modifications
and DNA strand breaks [1,2]. Oxidative DNA lesions
are substantially elevated in acute brain trauma and

against pathologically induced oxidative stress.

Base excision repair (BER) is the major process
that repairs oxidative lesions, alkylated DNA bases,
deaminated bases, single-strand breaks, and abasic
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sites in nuclear and mitochondrial DNA [9,10]. BER
involves sequential steps of multiple enzymes starting
with the recognition and removal of the damaged
base (glycosylase), incising the sugar phosphate
backbone (endonuclease), filling in the appropriate
base (polymerase), and ligating the DNA nick (ligase).
Apurinic/apyrimidinic endonuclease 1 (APE1), the
most abundant apurinic endonuclease in human cells
[11], incises the sugar phosphate backbone at the
abasic site generating a one-nucleotide nick break.
Class I and class II AP endonucleases incise DNA at a
baseless site at the phosphate 3" and 5" ends leaving
3’-OH and 5"-phosphate termini [12]. Previous studies
by the Bohr’s and Mattson’s groups demonstrated
that APE1 is the only protein of the BER pathway
up-regulated after glutamate-induced oxidative stress
[13] and BDNF (Brain-derived neurotrophic factor)
treatments [14]. Both studies reported that DNA
repair efficiency of BER is enhanced by up-regulated
APEL. In the present study, we found that stimulation
of GLP-1 receptor (GLP-1R) enhanced APEl
expression and incision activity; also administration
of Exendin-4 (EX-4) substantially reduced
ischemia-induced nuclear DNA damage in brain cells.
Our findings suggest that the activation of GLP-1R
plays a neuroprotective function via enhancing
APEl-mediated DNA repair efficiency.

Glucagon-like Peptide 1 (GLP-1) and
Exendin-4 (EX-4)

GLP-1 is a 30-amino acid peptide, reported in
1985 by the Creutzfeldt group [15], that plays an
important role in promoting blood sugar intake by
cells. The proglucagon gene encodes GLP-1 [16],
which is post-translationally processed into various
active peptides in a tissue-specific manner [17,18].
GLP-1 is an incretin that stimulates cellular glucose
up-take after meals and its analogue, EX-4, is used
clinically to treat adult type II diabetes mellitus
(T2DM) [17,19]. Fortunately, unlike the very short
half-life of GLP-1 in circulation (less than two
minutes), EX-4 resists dipeptidyl peptidase IV (DPP
IV) thereby remaining longer in an active form in
organisms. Expressions of GLP-1R are detected in
pancreatic islet, central nervous system, muscle,
kidney, heart, lung, gastrointestinal track, and
adipose cells (see reviews [20,21]). The GLPIR gene,
on human chromosome 6p21, encodes a 462-amino
acid peptide, which is characterized as a G-protein
coupled receptor. Activation of GLP-1R triggers two
major signaling pathways: the phosphatidylinositol 3
kinase (PI3K), AKT pathway; and adenosine cyclase
(AC), protein kinase A (PKA), mitogen-activated
protein kinase kinase (MEK), and
extracellular-signal-regulated kinase (ERK/MAPK)

pathway [22]. Both downstream signaling pathways
lead to phosphorylation of the cyclic AMP response
element binding protein (CREB). Current data
indicate that GLP-1 not only regulates blood-sugar,
but also has a role in neuroprotection, including
protecting cells from excitotoxic neuronal damage
[23], alleviating tau-hyperphosphorylation [24] and
AB deposition and plaque formation [25], and
reducing ischemia-induced brain damage [26-28].
Nevertheless, what GLP-1 initiated mechanisms
involve in the various neuroprotective functions is
still under investigation. Our study demonstrated that
activation of GLP-1R increased neuronal viability and
DNA repair efficiency via PI3K-AKT- axis-mediated
APE1 expression. GLP-1R, therefore, are a potential

target to develop innovative treatments for
neurodegenerative diseases and ischemic stroke.
Materials and Methods

Preparation of Primary Cortical Neurons and
Treatments

Cultures of primary cortical neurons were
prepared from 17-day-old embryos of
Sprague-Dawley rats. Preparation procedures were
described in a previous study [13]. All experimental
procedures with animals were approved by Chang
Gung Memorial Hospital Animal Care and Use
Committee and complied with NIH guidelines.
Experiments were performed in 8- to 10-day-old
cultures in which greater than 95% of the cells were
neurons. Cultured neurons were pretreated with 100
nM GLP-1 or 100 nM EX-4 overnight (~14 h) before
menadione treatment. Menadione
(2-methyl-1,4-naphthoquinone, Sigma-Aldrich) was
freshly prepared in NeuroBasal medium. Neurons
were treated with 40 pM menadione for 10 minutes at
37°C. Either GLP-1 or EX-4 was then added to 50%
conditioned medium with a 100 nM final
concentration. To examine downstream signal
transduction by GLP-1R, a 10 pM MEK inhibitor
(U0126, Cell Signaling) or a 20 pM PI3K inhibitor
(LY294002, Cell Signaling) was added into cultured
neurons two-hour prior to adding GLP-1 or EX-4.
Cultures were incubated for 0.5, 1, 3, 6, 12 or 24 hrs, at
which times the neurons were analyzed.

Nuclear Fractionation

The nuclear fraction was collected to determine
levels of DNA polymerase beta (Pol ), 8-oxoguanine
DNA glycosylase (OGG1), nei endonuclease VIII-like
1 (NEIL1), and lamin A and C (lamin A/C). The
neuronal cultures (around 5 millions neurons) were
harvested by 1,000 rpm centrifugation and
resuspended cell pellets were resuspended in 200 pl of
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pre-chilled buffer A (1.5 mM MgCl, 10 mM KCl, 0.5
mM DTT, and 10 mM HEPES pH 7.9). After a
30-minute incubation in ice, cells were homogenized
and the cellular mixture was centrifuged at 228 g for 5
minutes at 4°C. Each pellet was resuspended in 200 pl
of S1 buffer (0.245 M sucrose, 10 mM MgCly) and
layered over 200 pl of S3 buffer (0.865 M sucrose, 0.5
mM MgCly). The two-layer mixture was centrifuged
at 2,800 G for 10 minutes at 4 °C and the supernatant
removed. The nuclear pellet was dissolved in 150 pl of
RIPA buffer for Western blotting analysis.

Reverse-transcription PCR (RT-PCR)

GLP-1R mRNA from neuronal cells was detected
by RT-PCR using the forward primer -
“ATGAGAGACCTGCCCTTGGA” and the reverse
primer - “CCCCAAGGCAAAGACAGGAT”. The
Direct RT-PCR kit from Yeastern Biotech Co. was
used to assay the GLP-1R mRNA. The cultured
neurons, around fifty-thousand cells, were briefly
rinsed with ice-cold PBS and pellets collected by
centrifugation. Neuronal pellets were washed with
Wash buffer and centrifuged to obtain a pellet. The
clean neuronal pellet was added immediately to the
cell lysis buffer to prevent RNA degradation. The RT
and PCR procedures followed instructions in the
user’s manual of the kit.

Western Blotting Analysis

Neurons were extracted in RIPA buffer (150 mM
NaCl, 0.1% SDS, 0.5% sodium deoxycholate, 1X
protease inhibitor cocktail (Roche), phosphatase
inhibitor cocktail (Pierce), and 50 mM Tris; pH 8.0)
and total protein within the lysate was determined
according to the BCA™ protein assay kit (Pierce). The
dilution factors for the primary antibodies were as
following, APE1 (1:1,000; Santa Cruz), phosphor-AKT
(1:1,000; Cell Signaling), phosphor-CREB (1:1,000; Cell
Signaling), Ligase III (1:1,000; Santa Cruz),
FEN1(1:1,000; Cell Signaling), Pol B (1:200; GeneTex),
NEIL1 (1:1,000; Santa Cruz), OGG1 (1:1,000; Novus),
UDG (1:1,000; Novus), lamin A/C (1:1,000; Cell
Signaling), GLP-1R (1:1,000; Abcam/Alomone Lab)
and actin (1:5,000; Sigma-Aldrich). The secondary
antibodies (Vector Laboratories) were diluted 1:5,000.
Immunolabeled proteins were visualized by using an
enhanced chemiluminescence kit (Amersham).

Immunofluorescent labeling

Cultured neurons were briefly washed in cold
PBS and fixed immediately with 4%
paraformaldehyde in phosphate buffer saline (PBS)
for 10 minutes. The formaldehyde fixed cells were
incubated with permeablization buffer (0.5% Triton
X-100, 100 mM glycine, 1% BSA, 0.7 mM EDTA) for 10
min on ice. The samples were then incubated with

blocking buffer (10% bovine serum, 0.01% sodium
azide in 1X PBS) at 37°C for 1 hr or 4°C overnight.
Diluted primary antibodies (TUJ1, Sigma-Aldrich,
1:500; GLP-1R, Santa Cruz, 1:500) were incubated with
samples for 1 hr at 37 °C. The samples were then
rinsed with wash buffer (0.05% Tween-20 in 1xPBS)
three times for 5 minutes at room temperature. A
fluorophore conjugated secondary antibody (Alexa
series, Invitrogen; 1:1,000 dilution), was added and
the samples were incubated for 1 hr at 37 °C. Samples
were rinsed briefly with wash buffer (3 x 5 minute)
and mounted with Prolong Gold containing DAPI
(nuclear ~ marker, Invitrogen).  Images  of
immunostained neurons were captured using a
Olympus FV1000 confocal microscope system.

Measurement of BER protein enzymatic
activities

Cultured neurons were extracted by
re-suspending and homogenizing in buffer I (10 mM
Tris-HCl, 200 mM KCl, pH 7.8) and adding an equal
volume of buffer II (10 mM Tris-HCI, 600 mM KCI, 2
mM EDTA, 40% (v/v) glycerol, 0.2% (v/v) Nonidet
P-40, 2 mM dithiothreitol (DTT) 05 mM
phenylmethylsulphonyl fluoride (PMSF) and 1X
protease inhibitor cocktail (Roche; pH 7.8). The lysate
was briefly sonicated to completely disrupt cell and
nuclear membranes. A 16,000 g centrifugation at 4°C
for 10 minutes was performed to remove cellular
debris and DNA. The cell extract was dialyzed
overnight with buffer III (25 mM HEPES-KOH, 100
mM KCl, 12 mM MgCly, 1 mM EDTA 17% glycerol, 1
mM DTT, pH 8.0) at 4°C. A brief centrifugation was
employed to remove the precipitate after dialysis. The
protein concentration was determined by the BCA™
protein assay kit (Pierce). The enzymatic activity of
OGG1, UDG, APEl, and Polp was measured by
specifically designed Cy5 fluorophore -conjugated
lesion DNAs (Table 1). The procedures of incision and
gap filling assays were preformed as in previous
studies [29,30]. After electrophoresis, the gels were
visualized by using a Molecular Dynamics image
system (Bio-Rad Corp.)

Measurement of Neuronal Viability

To measure cytotoxicity of oxidative insults, we
directly counted neurons on the same spotted. Rat
cortical neurons were plated and maintained in 4- or
6-well chamber slides as described above. One group
of cells were pretreated with 100 nM GLP-1 overnight
(~16 h) before adding freshly made menadione. Each
sample was treated with 40 uM menadione for 10 min
at 37°C. Cells were washed with warm Neurobasal
medium after treatment and GLP-1 (100 nM) was
included in the cultures that had been pretreated with
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GLP-1. Images of neurons in designated microscope
fields (10X objective) were acquired at 0 hr, 6 hr, 12 hr,
and 24 hr. Neuronal survival at post-menadione
treatment time points were expressed as a percentage
of the number of viable neurons present at the 0 h
time point.

Middle Cerebral Artery Occlusion (MCAO)

The original procedures of MACO reperfusion
were described in the study by Chen et al. [31]. 7-8
week old male SD rats, with a body weight 280-300
grams, were anesthetized by intraperitoneal injection
of chloral hydrate (400 mg/kg body weight,
Sigma-Aldrich). Incisions of 1.5-cm were made on
anesthetized rat scalps at the midpoint between the
right eye and right ear. The temporalis muscle was
separated to expose the zygoma and sequamosal
bone. An approximate 25-mm? window was made
with a dental drill 1 mm rostal to the anterior junction
of the zygoma and the sequamosal bone. The dura
mater was carefully pierced with a microsurgical
needle. The exposed middle cerebral artery was

carefully isolated and ligated for 60 minutes by 10-O

surgical suture to induce ischemic stroke in the right
hemisphere of the cortex. During the ligation period,
one percent isoflurane was provided by ventilator to
maintain sedation of animals. As soon as the middle
cerebral artery (MCA) ligation was complete, both
common carotid arteries (CCA) were ligated by
aneurysm clips. Ligated CCA and MCA were released
after 60 minutes. Twenty-four hours after the MCA
reperfusion procedure, animals were anesthetized by
isofluoran and perfused with 150 ml PBS. The focal
ischemic brain was dissected and incubated with 2%
triphenyl tetrazolium chloride (TTC) at 37°C for 60
minutes to determine the ischemic infarct area. The
MCAO procedures of animals were approved by
Chang Gung Memorial Hospital Animal Care and
Use Committee and complied with NIH guidelines.

EX-4 was administered at the completion of the
MCAO procedure and given daily until animals were
sacrificed. The dose of EX-4 was 10 pg/kg body
weight given by tail-vein injection.

Immunostochemistry for yH2AX labeling

Mouse/Rabbit HRP (DAB) Detection System
(BIOTnA  Biotech) were used to examine
target-proteins in brains. The detecting procedures
were followed the staining protocol of user’s manual.
The brief description is as following. The 25 pm
thickness brain sections were covered thoroughly
with hydrogen peroxide for 10 minutes. Brain sections
were washed twice with 1x PBS (phosphate buffer
saline) after incubation. The brain sections were
briefly washed 3 times with PBS after a 30-minute
incubation with penetration buffer (0.1 % Triton X-100
in PBS) at room temperature. The samples were
incubated with immunoblocking buffer (buffer from
kit) for 10 minutes at room temperature, then, wash
samples were immediately washed twice with 1x PBS.
The anti-yH2AX antibodies (1:250; Cell Signaling) and
HRP-conjugated secondary antibodies (1:500; from
the kit) were diluted with 1% BSA in 1x PBS and
incubate with samples at 37°C for an hour
respectively. Three 1x PBS washes were performed
after primary antibody hybridization and four washes
for secondary antibody hybridization. One milliliter
of DAB substrate was mixed with 30 pl of DAB
chromogen freshly. The tissue samples were
incubated with DAB mixture for 3 minutes at room
temperature. Then samples were washed 4 times.
Hematoxylin solution was applied to stain nuclei of
tissue samples by incubation 1 minute at room
temperature. The sample slides were sealed with
cover slips after dehydration by xylene. Sample slides

were observed by Olympus confocal microscope
(FV1000).

Table 1: The defect nucleotide sequences for assaying enzymic activities of OGGI, UDG, APE] and POLB.

Enzyme Assay Sequence

0GG1 8-0x0G incision  Forward Cy5 5’-GAACGACTGT soxod6 GACTTGACTGCTACTGAT-3’
Reverse 3’-CTTGCTGACA CTGAACTGACGATGACTA-5’

UDG Uracil incision Forward Cy3 5’-ATATACCGCGG U CGGCCGATCAAGCTTATT-3’
Reverse 3’-TATATGGCGCC G GCCGGCTAGTTCGAATAA-5’

APEI APsite incision  Forward Cy5 5-GAACGACTGT [pspc] ACTTGACTGCTACTGAT-3’
Reverse 3-CTTGCTGACA € TGAACTGACGATGACTA-5’

POLB GAP-filling Forward Cy3 5’-CTGCAGCTGATGGGC GTACGGATCCCCGGGTAC-3°

Reverse 3’-GACGTCGACTACCCGGCATGCCTAGGGGCCCATG-5’

OGGTI: 8-oxognanine DNA glycosylase
POLB: DNA polymerase beta

UDG: uracil-DNA glycosylase
80x0dG: 8-Oxo-2'-deoxyguanosine

APET1: apurinic/apyrimidinic (AP) endonuclease

DSPC: 1,2-Distearoyl-sn-glycero-3-phosphocholine
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Terminal deoxynucleotide
transferase-mediated dUTP Nick End Labeling
(TUNEL) Assay

The In Situ Cell Death Detection Kit from Roche
was used to detect apoptosis, double-strand, and
single-strand DNA fragmentation. The staining
procedures were adapted and optimized according to
the product manual. The following is a brief
description of procedures for frozen tissue sections.
After washing out Tissue-Tek® (VWR) O.T.C. from
embedded tissue slices by PBS, the tissue slides were
fixed by 4% paraformaldehyde in PBS for an hour at
room temperature. Slides were washed 5 times briefly
in PBST (0.1% Triton X-100) and then immersed in
100% ethanol for 5 minutes. Next the slides were
washed in decreasing concentrations of ethanol
(100%, 95%, 85%, 70%, and 50%, 3 minutes each) for
rehydration. Tissue slides were soaked in 0.85% NaCl
and PBS each for 5 minutes, respectively. Fixation was
performed by 4% formaldehyde in PBS for 15 minute.
Following a twice brief PBS wash, permeabillization
was obtained by placing samples in a Proteinase K
solution (20 pg/ml proteinase K in PBS) for 10-20
minutes. Tissue slides were briefly washed once with
PBS before and after a 5-minite re-fixation with 4%
formaldehyde in PBS. Samples were equilibrated with
100 pl of Equilibration buffer (in kit) at room
temperature for 5-10 minutes. For labeling, 50 pl of
TdT reaction mix was added to the tissues and
covered by cover slips. Slides then were incubated at
37°C for 60 minutes in the dark. After incubation, the
cover slips were removed and reactions stopped by
dipping the slides in 2x SSC for 15 minutes. After
3x5-minute PBS washes, 30 pl of mounting medium
was added to the tissue sections and covered with
cover slips. Sample slides were observed and images
taken under a microscope (Olympus XM10).

Statistics

Statistical comparisons were made using
Student’s t-test. One-way ANOVA was used to
evaluate significance of difference between groups,
followed the Bonferroni t- test was used for multiple
comparisons (* P<0.05, ** P<0.01, *** P<0.001). All
values in graphs were the mean and standard error
(SE) of determinations being made in at least 4-6
separate experiments.

Results

Cortical Neurons Express GLP-1 Receptor
(GLP-1R) and Activation of GLP-1R Rescues
Neurons against Menadione-induced Oxidative
Insults

Reverse-transcription PCR  (RT-PCR) and

Western blotting techniques were used to detect the
presence of GLP-1 receptor (GLP-1R) in rat primary
cortical neurons; both mRNA and protein levels of
GLP-1R were detected. Total RNA from 8-day old rat
primary cortical neurons was isolated and one-step
RT-PCR was used to probe for GLP-1R mRNA (Fig.
1A). The result of Western blotting demonstrated that
GLP-1R proteins also were expressed in cortical
neurons (Fig. 1B). Furthermore, we used
immunocytochemistry to examine the presence and
the distribution of GLP-1R in neurons. Images by
confocal microscopy confirmed that GLP-1R
expression was observed in cortical neurons and
illustrated that GLP-1R are mostly located in neuronal
cell bodies with some GLP-1R distributed in the axons
(Fig. 1C). The GLP-1R were observed not only
existing in cortical regions, but also were found
expressing all over the rat brain including
hippocampus, thalamus, hypothalamus, striatum,
and amygdale regions (Fig. S1).

An earlier study by Li et al reported that
activation of GLP-1R decreased hypoxia-induced
neuronal death [32]. We postulated that GLP-1
protects neurons against oxidative stress since
oxidative injury of neurons is the common form of
pathogenesis in neurodegenerative diseases and brain
traumas [33,34]. In this study, menadione was used as
a ROS inducer to produce oxidative insults to GLP-1
treated primary cortical neurons. Menadione, which
interrupts the mitochondrial electron transportation
chain to induce reactive oxygen species (ROS), is used
widely in cell culture assays [35]. Our neuronal
viability assay showed that GLP-1(Fig. 1D) or EX-4
(Fig. 1E) treated cortical neurons were more tolerant
of oxidative insults. These results indicated that
activation of GLP-1R increases neuronal viability
under oxidative stress.

Activation of GLP-1 Receptor Rescues
Neurons by Selectively Up-regulating APEI
expression and Incision Activity

Past studies indicate that Menadione is able to
induce oxidative DNA damage and single-strand
DNA breaks as well as triggering apoptosis in
different cells, including neurons [14, 35-37]. Thus we
hypothesized that GLP-1 rescues neurons from
menadione-induced cell death by elevating DNA
repair efficiency and preserving DNA integrity. As
described previously, BER is the predominant DNA
repair pathway in neurons. The BER pathway
involves the sequential activity of multiple enzymes,
including various glycosylases, APE1, PolB, and
ligase III. We studied whether the BER proteins,
8-oxoguanine DNA glycosylase (OGG1), nei
endonuclease VIII-like 1 (NEIL1), flap endonuclease 1
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(FEN1), uracil DNA glycosylase (UDG), APE1, DNA
polymerase beta (Polf), and ligase III, were affected
by GLP-1. Either GLP-1 or EX-4 (100 nM) was added
to the primary neuronal cultures prior to harvesting
cells at 30 min, 1, 3, 6, 12, and 24 hr for Western
blotting. Western Blots of GLP-1 (Fig. 2 A) or EX-4
(Fig. 2C) treated cultures indicated that the APE1
protein was up regulated immediately starting at 30
min and reaching a peak at 6 hr. In addition, our
preliminary results suggested that GLP-1 or EX-4
induced APE1 expression was dose-dependent (Fig.
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observed that phosphorylation of AKT and CREB
immediately occurred after treatment with GLP-1 or
EX-4 (Fig. 2 B and D). According to this observation,
the GLP-1 up-regulated APE1 expression possibly is
mediated by the PI3K-AKT-CREB signaling pathway.
The other BER proteins, OGG1, NEIL1, FEN1, UDG,
Polp, and Ligase III, were surveyed but showed no
significant changes (Fig. 3).
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Figure 1. Activation of cortical neuron expressed GLP-1 receptor (GLP-1R) protected cortical neurons from oxidative insults. (A) mRNA and (B) protein
expressions of GLP-1R were detected in the 8-day in vitro primary cortical neurons. (C) Immunofluorescence staining of GLP-1R (green), TUJ-1 (red), and DAPI (blue) in the 8-day
in vitro primary cortical neurons. Merged bright field (100X) and immunostained (100X) images indicated that GLP-1R is mostly distributed in neuronal bodies but also exist in
both axons and dendrites. (D) GLP-1or (E) EX-4 pretreated cortical neurons were continually treated with 100 nM GLP-1 or EX-4 after an oxidative insult and neuronal viability
was measured at 0, 6, 12, 24 hr time points. Neuronal viability of ligand administrated neurons (GLP-1:~82%, EX-4:~67%) was approximately 20% higher than the
menadione-treated group (GLP-1~65%, EX-4:~48%) 24-hour after menadione-induced oxidative insults. (M£SE; * p<0.05, ** p< 0.01, *** p< 0.001; compared to the 24-hr value

of the menadione alone group, n=6).

http://lwww.thno.org



Theranostics 2016, Vol. 6, Issue 12 2021

EX-4

A GLP-1 C

- E B o w x = B
[=] k= . e = = £ £ £ =
= E E £ E £ £ G o - m w N F
6 @ ~ m o N F o © L
© o APE1 — N ——
APE1 ———— N — — -
ACHN e c—————— Actin
25
25 ass
nic ] 2.0 TR .
2.0 . ¥ I I =
15 gr - 1.5 Ty
-z °
<]
1.0
10
05 05
0.0 0.0
- v - v T T T &
= O & L & & S &
S & & & & & SGEENEEESEE
& £ ~ LI -] v
o§ A?@ NDOoe o o § &
B = D TS L . o o .
£ E £ £ E E E 'g' £ 2 ; g £ E
§R-—©° °u g § 8 - Ol
PAKT — —

PAKT i an e e e
pCREB == amn ann amn aus .

S ———— —— Actin
GLP-1

PCREB e S s s s s s

EX-4

Figure 2. APEI expression was up-regulated by GLP-1 and it’s analogue Exendin-4 (EX-4) in neurons. Rat primary cortical neurons were treated with 100 nM
GLP-1 or EX-4 and were subsequently harvested at 30 min, 1 hr, 3 hr, 6 hr, 12 hr, and 24 hr time points. The APEI protein levels were induced starting at 30 min continuing to
24 hr. These results clearly demonstrated that (A) GLP-1 or (C) EX-4 increased APEI protein levels in cortical neurons. The immunoblots showed that phosphorylation of AKT
and CREB were immediately increased 30 min after (B) GLP-1 or (D) EX-4 administration. The phosphorylation level of AKT returned to normal levels at 24 hr, and
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Figure 3. Protein expressions of OGGI, NEILI, PolB, FENI, UDG, and ligase lll were not significantly influenced by GLP-1. Cortical neurons were treated with
100 nM GLP-1 and harvested in order to measure BER proteins at 30 min, 1 hr, 3 hr, 6 hr, 12 hr, and 24 hr time points. Nuclear fractions were collected for Western blotting;
the blotting results suggested that protein levels of (A) OGGI, (B) NEILI,and (C) PolB were not significantly altered by GLP-1 administration. Whole cell lysates were used for
FENI, UDG, and ligase Il Western blotting. Protein levels of (D) FEN1, (E) Ligase Ill, and (F) UDG were not affected by GLP-1. However, we observed that Polf was slightly
increased by GLP-1 treatment but not statistically significant. (M£SD; * p<0.05; ** p<0.01; ***p<0.001; compared to the value of control group, n=6).
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Figure 4. Administration of GLP-1 enhanced the enzymatic activity of APE1, but not UDG, OGGI or PolB. Cortical neurons were treated with GLP-1 (100 nM)
and harvested to measure protein activity at 1, 3, 6, 12, and 24 hr time points. The incision activities of (A) APEI, (B) UDG, and (C) OGGI were examined by various Cy5-labeled
defect-oligonucleotides which could be recognized by APEI, UDG, and OGGI respectively. (D) The gap-filling activity of PolB was assayed by Cy5-labeled
duplex-oligonucleotides lacking deoxycytidine. The DNA incision activity of APEI (panel A) was increased significantly by GLP-1 treatment, but not the activities of UDG (panel
B), OGGI (panel C), or PolB (panel D). However, the incision activity of OGGI and the gap-filling activity of PolB were slightly increased by GLP-1 treatment but were not
statistically significant. (M£SE; *p< 0.05; ** p< 0.01; ***p<0.001; compared to the value of control group, n=6).

To determine enzymatic activity of pertinent
proteins, primary neurons were treated with 100 nM
GLP-1 and harvested at 1, 3, 6, and 24 hr for total
protein extraction. Additionally, specifically designed
defective oligonucleotides were used to measure the
activities of DNA incision (APE1, OGGI1, and UDG)
and gap filling (Polp) BER enzymes in GLP-1 treated
neurons (Table 1). OGG1 and UDG are two common
BER glucosylases incising oxidized
purine/ pyrimidine bases, APEL1 is the key enzyme to
incise the DNA sugar backbone, and Polp is the BER
polymerase that adds nucleotides. Enzyme activities
in whole cell lysates were measured in response to
GLP-1 treatment. The incision activity of APE1 was
significantly up-regulated by GLP-1(Fig. 4A). The
activities of UDG and OGG1 were unchanged after
GLP-1 treatment (Fig. 4 B-C). Polp seemed to respond
slightly to GLP-1, however, it was not significant (Fig.
4D). The protein levels of UDG, OGG1, Polp, and
APElwere comparable to their activities. APE1 is the
only protein of the BER pathway up-regulated in
response to GLP-1 treatment. These results suggested

that up-regulated APE1 has an important role in the
GLP-1 mechanism which protects neurons against
oxidative DNA damage.

The Downstream PI3K-AKT Signaling Axis of
GLP-1R Regulates Expression of APEI
Agonists of GLP-1R

Although BER proteins and repair mechanisms
are well known, regulation of expression and activity
of repair proteins are not clearly understood. Two
signaling  pathways, = AC-PKA-MEK-Erk  and
PI3BK-AKT, are triggered immediately after
stimulation of GLP-1R in neurons [21]. Previous
results indicated that both GLP-1 and EX-4
immediately stimulated phosphorylation of AKT and
downstream CREB (Fig. 2 B and D). We postulated
that APE1 expression was mediated by the
PI3BK-AKT-CREB signaling pathway during activation
of GLP-1R.

Therefore, the phosphorylation of ERK1/2 was
examined following the stimulation of GLP-1R. The
phosphorylation of ERK1/2 was slightly increased,
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but not as dramatically as AKT in response to GLP-1-
(upper panel of Fig. 5A) or EX4- (upper panel of Fig.
S3A) stimulated GLP-1R. To elucidate how GLP-1
regulates APE1 expression, the inhibitors of MEK
(U0126) and PI3K (LY294002) were applied to
suppress the MEK-ERK1/2 and PI3K-AKT axes
respectively. U0126 robustly suppressed
phosphorylation of ERK1/2 in response to the
stimulation of GLP-1R by GLP-1 (middle panel of Fig.
5 A and C) or EX-4 (middle panel of Fig. S3 A and C),
but did not affect phosphorylation of AKT and CREB
or APE1 expression (Fig. 5 A, D, and E; Fig. S3 A, D,
and E). On the contrary, administration of LY294002
significantly suppressed GLP-1- (lower panel of Fig. 5
A, B, and D) or EX-4- (lower panel of Fig. S3 A, B, and
D) induced phosphorylation of AKT and CREB as
well as APE1 expression (Fig. 5E and Fig. S3E), on the
other phosphorylation of ERK1/2 seemed slightly
increase but not significantly affected (Fig. 5C). These
results indicated that the PI3K-AKT-CREB axis is the
major signaling pathway in the regulation of APE1
expression in response to GLP-1R stimulation in
cortical neurons.

Administration of Exendin-4 Enhances DNA
Repair Capability via enhancing
APE]lexpression in the Ischemic Brain of Rat
Many recent studies have reported that the
stimulation of GLP-1R plays a protective role in
neurons against neurodegenerative disorders, brain

trauma, and ischemic stroke [25,26,28,32,38-40];
nevertheless, how subsequent mechanisms respond to
the GLP-1R activation in neuroprotection remains
under investigation. Results of current studies
suggested to us that GLP-1 induced neuroprotection
is mediated via enhanced DNA repair capacity and
maintenance of DNA integrity. We utilized the rat
cerebral ischemia model to test whether activation of
GLP-1R increases the DNA repair capability of brain
cells. The procedure of middle cerebral artery
occlusion (MCAO) reperfusion was performed to
induce cerebral ischemic stroke, and animals were
sacrificed on day 1, 2, 3, 4, 5, 7, and 10 post- MCAO
procedure. The images of TTC (triphenyl tetrazolium
chloride) staining showed the infarct was located in
the frontal cortex (Fig. 6A). The vehicle group and
experimental group were given 1x phosphate buffer
saline (100 pl) or EX-4 (100 pl,10 pg/kg body weight)
respectively by tail vein injection immediately after
completing the MCAO procedure and were given
daily until sacrificed. The protein level of APE1 was
examined form cortical regions of both vehicle and
EX-4 administrated groups. The Western blotting
results demonstrated that APE1 level of EX-4
administrated group was dramatically higher than
vehicle treated animals in ischemic brains starting
from the first day to 10t day after MCAO surgery
(Fig. 6 B-C).
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Figure 5. The downstream PI3K-AKT signaling axis of GLP-1R is the major pathway that regulates expression of APEI. (A) Western blot analyses of pAKT,
pERK1/2, pCREB, APEI, and actin levels in neuronal cultures treated with 100 nM of GLP-1(100nM), GLP-1 plus MEK inhibitors U0126, or GLP-1 plus PI3K inhibitor LY294002.
(B) LY294002 specifically inhibited GLP-1-induced AKT phosphorylation. (C) U0126 specifically inhibited GLP-1-induced pERK1/2 phosphorylation. (D) pCREB levels and (E)
APEI were specifically inhibited by LY294002 but not U0126. The results suggested that PI3K-AKT-CREB is the predominant downstream signaling pathway of GLP-1R elevating
APE] expression. (M+SE; *p< 0.05; ** p< 0.01; ***p<0.001; compared to the value of control group, n=4).
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Figure 6. Administration of EX-4 significantly reduced ischemia-induced nuclear DNA damage. (A) Cerebral ischemic strokes in rat brains were induced by
MCAOQ procedures and injuries developed in the frontal cortex region. (B-C) APEI expression was robustly elevated in EX-4 administrated animals comparing to vehicle treated
animals. (D) In this study, TUNEL assay and measurement of yH2AX (Phosphorylation of histone 2AX) were applied to assess DNA damage and repair after an ischemic stroke
in rats. Five regions of the brains, two in the infarct (filled-line circles) and three in the penumbra (dot-line circles), were analyzed for injured brain cells. (E-F) The results of the
TUNEL assay demonstrated that daily administration of EX-4 rapidly reduced nuclear DNA fragmentation compared with the vehicle group in ischemic brains. (G-H) yH2AX is
a common biomarker of nuclear DNA damage, which is wildly used to determine DNA damage. Immunohistological results of yH2AX also showed that EX-4 administrated
animals had less DNA damage than vehicle treated animals. These results suggested that EX-4 treated animals had less nuclear DNA damage and better DNA repair to protect
brain cells against ischemic injury. (M£SE; *p< 0.05; ** p< 0.01; ***p<0.001; compared to the number of MCAO without EX-4, n=4).

TUNEL assay and yH2AX (phosphorylated
histone 2AX) labeling were performed on the fixed
and sectioned brains to determine nuclear DNA
damage. TUNEL assay relies on the enzymatic
activity of terminal deoxynucleotide transferase to
incorporate fluorophore -labeled dUTP into the
3’-hydroxyl termini of DNA fragments, especially at
strand-breaks of DNA. TUNEL assay is originally
employed to determine DNA damage. Nowadays,
TUNEL assay is used widely for detecting apoptosis
in situ, but this method is not limited to detection in
cells undergoing apoptosis. The assay can be also
employed to detect DNA damage (DNA nicks formed
by lyase or APEl as well as single-strand and
double-strand breaks) and DNA repair efficiency [41].
In addition, yH2AX is an action in response to DNA
double-strand breaks, blocked replication, and

barricaded transcription, hence, yH2AX is a common
and sensitive biomarker of nuclear DNA damage and
is wildly used to assess DNA damage and repair [42].
Five areas (0.48 mm? each) from each ipsilateral and
contralateral hemispheres were chosen, two in the
infarct and three in the penumbra areas, to count
positive nuclear staining by TUNEL or yH2AX (Fig.
6D). In results of TUNEL assay, nuclear DNA
damaged cells of the vehicle treated group increased
starting the second day of the post MCAO procedure
and remained at a high level until day 10; but the EX-4
treated MCAO group had fewer DNA damaged cells
and a trend of decreasing DNA damage over time
(Fig. 6E). Statistically, EX-4 treated ischemic brains
had significantly fewer DNA damaged cells or better
DNA repair efficiency than the vehicle treated group
(Fig. 6F). The immunohitological results of yH2AX
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demonstrated that significantly lower DNA damage
was observed in EX-4 administrated ischemic brains
than in vehicle treated ischemic brains (Fig. 6 G-H).
The results of TUNEL and yH2AX, directly and
indirectly illustrated that stimulation of GLP-1R
effectively reduced nuclear DNA damage, or in other
words, efficiency enhanced DNA repair in brain cells.
Taking together of these results, which suggests that
higher DNA repair efficiency is the consequence of
upregulated APE1 by activation of GLP-1R.

Discussion

GLP-1, an incretin, is not only secreted from
intestinal L cells, but also is expressed in neurons of
the central nervous system [43]. Many studies have
revealed that GLP-1[32,44], EX-4 [45-47], and other
agonists of GLP-1R [40,48] have a neuroprotective role
against neurodegenerative cell death, traumatic brain
injury, and ischemic stroke. Previous reports indicate
that the neuroprotective effects of GLP-1 and EX-4
involve reducing infarct size and stoke volume [28,32]
as well as anti-apoptotic effects [28,39]. However,
other mechanisms of GLP-1 involvement in neuronal
protection are still under investigation. Our findings
in the present study suggest a novel biological action
of GLP-1R: enhanced DNA repair efficiency resulting
in elevating resistance of neurons to ischemia-induced
oxidative DNA damage (Fig. 7). The effects of GLP-1
and its analogue (EX-4) in protecting cortical neurons
and enhancing DNA repair are due to up-regulating
the protein level and incision activity of APE1 (Fig. 2
and Fig. 4). Overexpression of APE1 protects neurons
against MPTP-induced neuronal death [49], in

GLP-1/Exendin-4

addition, up-regulation of APE1l reduces oxidative
DNA damage and protects hippocampal neurons
from ischemic injury [50]. Our study demonstrated
that administration of EX-4 significantly enhanced
APE1 expression and reduced MACO-induced DNA
damage in rat brains (Fig. 6). Selectively suppressing
APEL1 production with shRNA produces a significant
increase of oxidative DNA damage and attenuates the
ability of BDNF to enhance DNA repair [14]. All
evidence indicates that APE1 plays a pivotal role in
neuronal DNA repair and viability.

The previous studies of Mattson’s group
demonstrated that signaling by activated glutamate
receptors and TrkB (BDNF receptor) enhance nuclear
DNA repair in neurons by a mechanism involving
up-regulation of the BER protein APE1, but not other
BER proteins [14,51]. Many other studies also have
shown that APEl is up-regulated by a
CREB-mediated signaling pathway [52,53]. Although
GLP-IR and TrkB are characterized as a
G-protein-coupled receptor and a tyrosine kinase
receptor respectively, our findings show that GLP-1R
shares the same signaling pathway, PI3K-AKT-CREB
axis, to up-regulate APE1 expression and to protect
neurons. Accumulating evidence suggests GLP-1 is
not only an incretin, but also has a neurotransmitter
role [54-57]. GLP-1 and its analogues promote neurite
outgrowth and neuronal survival under conditions of
metabolic, oxidative and excitotoxic stress in cultured
neuronal cells [58-60]. The role of GLP-1 in the CNS is
not limited to energy metabolism and may have
similar functions as BDNF, a neurotrophic factor.
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Figure 7. This schematic diagram illustrates the mechanisms by which activated GLP-1R elevate repair of oxidative DNA damage and increase neuronal
survival. The expression GLP-1 and its receptors occurs in the central nervous system and is involved in neuronal protection. Two major signaling pathways are triggered,
including PKA-Erk (dotted-line arrow) and PI3K-AKT (filled-line arrow), when GLP-1R is activated. Results of our study suggested that PI3K-AKT is the key downstream signaling
pathway regulating APEI expression, elevation DNA repair efficiency, and increasing neuronal survival after oxidative insults. (AC: adenylyl cyclase; cAMP: cyclic adenosine
monophosphate; PKA: protein kinase A; MEK: mitogen-activated protein kinase kinase; ERK: mitogen-activated protein kinase; PI3K: phosphatidylinositide 3-kinase; AKT: protein

kinase B; CREB: cAMP response element binding protein).
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GLP-1R are G-protein coupled receptors
expressed in many tissues and organs, including the
central nerve system [20,21]. Binding of ligands to
GLP-1R engages multiple kinase signaling cascades
including PI3K, AKT, AC, PKA, MEK, and ERK.
Stimulated GLP-1R exert protective actions in various
tissues or cells by one of two signaling pathways, such
as GLP-1 was reported that has including a protective
effect against cardiac ischemia by reducing infarct size
via the PI3K-AKT signaling pathway [61]; EX-4
improves endothelial function and proliferation in
type 2 diabetes patients with coronary heart disease
[62]; GLP-1 prevents apoptosis of pancreatic beta cells
through both PI3K-AKT and PKA-ERK signaling
pathways [63]. In our study, GLP-1 and EX-4
promoted neuronal survival through up-regulated
APE1, which is mediated only by the PI3K-AKT axis.

Oxidative DNA damage in neurons is common
in neurodegenerative disorders, ischemic stroke, and
brain trauma, but no therapeutic mechanism has been
established to connect neuroprotective actions to
neuronal DNA repair. Our findings of a new
biological function for GLP-1 suggest that
downstream signaling of stimulated GLP-1R
enhanced DNA repair capability by up-regulating
PIBK-AKT-CREB-mediated ~APE1 expression to
ameliorate ischemia-induced DNA damage and cell
death. Enhancing DNA repair capability in neurons
by the administration of long-lasting agonists of the
GLP-1R, such as EX-4, is a potential strategy for the
prevention or therapeutic intervention in ischemic
stroke, brain trauma, and neurodegenerative diseases.
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